INTRODUCTION
============

In a general description, a rectification consists of passing signals in one direction while suppressing those in the opposite direction in a counterpropagation scenario. The best-known example of a rectifier is the electronic diode that converts AC to DC, allowing the development of the huge electronic industry we have today. Despite the great success of the electronic rectifier, challenges remain open, such as efficient rectifiers of small dimensions at high frequencies. Therefore, rectification of other energy entities has been intensively explored, in the form of acoustic rectifiers ([@R1], [@R2]), thermal rectifiers ([@R3]), magnon rectifiers ([@R4]), and photon rectifiers ([@R5]). Here, we demonstrate a giant nonreciprocal behavior of an on-chip acoustomagnetic rectifier at room temperature and gigahertz frequency. Our device exploits the magnon-phonon coupling by which surface acoustic waves (SAWs) interact with ferromagnetic (FM) films and consequently generate spin waves.

At a resonance condition, the coupling of SAWs with magnetic films produces acoustically driven FM resonance (a-FMR) ([@R6], [@R7]). Consequently, the a-FMR generates a spin current that can be converted to charge current by the inverse Edelstein effect ([@R8]) or spin Hall effect ([@R9]). Evidence of nonreciprocal behaviors in attenuation of amplitudes was reported when SAWs interacted with magnetic films ([@R8], [@R10], [@R11]). In these works, the origin of the nonreciprocal behaviors was attributed to magnetoelastic coupling that induced attenuation, and the interference between the longitudinal and shear components of the strain tensor in SAWs. However, in the thin-film limit, *kd* ≪ 1, where *k* \> 0 is the absolute value of the wave number of SAWs and *d* is the film thickness, the shear strain is strongly diminished, and the remaining longitudinal strain is expected to induce only reciprocal magnetization dynamics, ergo limiting the nonreciprocity (NR) that can be achieved. For Rayleigh-type SAWs, there is an additional dynamical component that survives in the thin-film limit, the rotation tensor of elastic deformation, $\omega_{ij} = \frac{1}{2}\left( \frac{\partial u_{i}}{\partial x_{j}} - \frac{\partial u_{j}}{\partial x_{i}} \right)$, which describes the rotational deformation of the lattice. Here, *u~i~*, *i* = *x*, *y*, *z* are Cartesian components of the elastic deformation vector field. The nonvanishing ω*~ij~* implies that the individual lattice points undergo a rotation per wave cycle, whose chirality changes its sign according to the wave propagation direction (see the blue and red oriented circles in [Fig. 1](#F1){ref-type="fig"}). Furthermore, this rotational term can also couple to the magnetization via magnetic anisotropy, according to the theoretical prediction by Maekawa and Tachiki ([@R12]). Therefore, we extend the previous model taking into account the magneto-rotation coupling, which turns out to be crucial for the giant NR in the present work. The rectification effect that we observe is far larger than the record values of 20% recently reported in ([@R11]). Our findings go beyond as we theoretically consider the magnetorotation coupling and thereby explain the experimental value of 100% at optimized experimental conditions. This intriguing result is in contrast to ([@R11]) where it was speculated that the nonreciprocal attenuation depended critically on the magnetic damping.

![Schematics of the magneto-rotation coupling.\
Depending on the propagation direction, SAWs rotate the lattice in opposite directions (as indicted by the blue and red oriented cycles in the figure). This rotational motion couples with the magnetization via magnetic anisotropies, giving rise to a circularly polarized effective field, which either suppresses or enhances the magnetization precession (purple cone), and, in turn, induces a nonreciprocal attenuation on the SAWs.](abb1724-F1){#F1}

RESULTS
=======

[Figure 2A](#F2){ref-type="fig"} shows the schematics of SAW propagation through a heterostructure, which consists of four layers, Ta(10 nm)/Co~20~Fe~60~B~20~(1.6 nm)/MgO(2 nm)/Al~2~O~3~(10 nm), on a piezoelectric substrate, *Y*-cut LiNbO~3~. The acoustic waves are excited by applying a radio frequency (rf) voltage on the input port of interdigital transducers (IDTs), which were patterned by electron beam lithography (EBL). Because of the inverse piezoelectric effect, the rf voltage at a frequency of 6.1 GHz induces vibrations of the lattice, launching SAWs propagating parallel to the *x* axis (see the coordinate system in [Fig. 2A](#F2){ref-type="fig"}). When SAWs propagate through the heterostructure, the oscillation of the lattice points inside the magnet induces an effective rf magnetic field via cubic magnetoelastic coupling and the magneto-rotation coupling. Under a static in-plane external magnetic field **H** = *H*(cosϕ, sinϕ, 0), spin waves are excited, which results in SAW attenuation (see [Fig. 2B](#F2){ref-type="fig"}). After passing through the heterostructure, the remaining SAWs are converted back into an rf voltage signal via piezoelectric effect on the output port IDTs. The attenuation was characterized by a vector network analyzer, based on the scattering parameters, S21 and S12. By measuring S21 and S12, we investigated the SAWs propagating along +*x* and −*x* direction, respectively, referred to as +*k* and −*k* from here on.

![Nonreciprocal propagation of acoustomagnetic waves in Ta/CoFeB/MgO.\
(**A**) Device schematics of SAWs coupling to an FM layer at gigahertz frequencies. (**B**) Attenuation of acoustic waves, *P*~±*k*~, near a spin-wave resonance condition for SAW numbers +*k* and −*k*. arb. units, arbitrary units.](abb1724-F2){#F2}

[Figure 2B](#F2){ref-type="fig"} shows attenuation spectra for SAW (+*k*) and SAW (−*k*) when an external magnetic field was applied at ϕ = 10^∘^ in the *xy* plane. The external magnetic field was initially set to 200 mT to saturate the magnetic film and then swept from 120 to 70 mT in 0.5 mT steps. a-FMR is obtained at an external field value of 96 mT, inducing magnetic field--dependent SAW attenuations. However, in the spectra, the SAW (+*k*) shows a negligible attenuation *P*~+*k*~, while SAW (−*k*) shows a relatively large attenuation *P*~−*k*~. The large difference indicates a strong nonreciprocal behavior and, therefore, a strong rectifier effect on acoustic waves. From this, we extract the NR ratio (*P*~+*k*~ − *P*~−*k*~)/(*P*~+*k*~ + *P*~−*k*~), which depends on the magnetic field direction, and plot it in [Fig. 3](#F3){ref-type="fig"}. The NR shows a strong dependence on the magnetic field direction with respect to the SAW propagation direction $\hat{\mathbf{x}}$, reaching a maximum value of 100%.

![Dependence of the NR ratio on the magnetic field direction.\
The magnetic field direction is varied with respect to the SAW propagation direction$\widehat{\mathbf{x}}$. We observe a strong variation of the NR ratio, reaching a maximum value of 100% at ϕ = 184^∘^(see the inset).](abb1724-F3){#F3}

To understand the origin of the giant NR, we theoretically model the magnetization dynamics driven by propagating SAWs in FM thin films. Treating the film as an isotropic elastic body, SAWs propagating along *x* axis are fully characterized by the nonvanishing components ε*~xx~*, ε*~xz~*, and ε*~zz~* of the strain tensor $\varepsilon_{ij} = \frac{1}{2}\left( \frac{\partial u_{i}}{\partial x_{j}} + \frac{\partial u_{j}}{\partial x_{i}} \right)$ and the rotation ω*~xz~*. Among them, the shear strain ε*~xz~* scales as *kd* when the film thickness *d* is small and becomes negligible compared to the others in our setup where *kd* \< 10^−2^. Thus, the mechanism proposed in ([@R8], [@R10], [@R11]) cannot account for the pronounced NR presented above, and another explanation is required. As predicted in ([@R12], [@R13]), a perpendicular magnetic anisotropy, present in our heterostructure, enables the rotation ω*~xz~* to generate an effective magnetic field acting on the magnetization. Combined with the conventional magnetoelastic effect that results in an additional effective field proportional to the strain tensor ε*~ij~*, the total effective field projected onto the plane perpendicular to the normalized ground-state magnetization **n** yields $\mathbf{h} = h_{\bot}\hat{\mathbf{z}} + h_{\parallel}\hat{\mathbf{v}}$ where $\hat{\mathbf{v}} = \hat{\mathbf{z}} \times \mathbf{n}$ and$$h_{\bot} = \frac{\gamma}{\mu_{0}M_{s}}(2K_{u}\omega_{xz} - b_{2}\varepsilon_{xz})\text{cos}\phi,h_{\parallel} = \frac{\gamma b_{1}}{\mu_{0}M_{s}}\varepsilon_{xx}\text{sin}2\phi$$with the cubic magnetoelastic coefficients *b*~1,2~, the perpendicular uniaxial anisotropy *K*~u~, the gyromagnetic ratio γ \< 0, the saturation magnetization *M*~s~, and the permeability of vacuum μ~0~. Further noting that ω*~xz~* has exactly the same phase and *k* dependence as those of ε*~xz~*; therefore, we conclude that magneto-rotation coupling is capable of replacing the shear strain as a source of nonreciprocal SAW attenuation. In addition, ω*~xz~* is greater by a factor of (*kd*)^−1^ than ε*~xz~* in the thin-film limit so that the resulting NR tends to be much larger when the magnetic anisotropy is comparable to the magnetostriction, which is the case for CoFeB.

The SAW attenuation *P*~±*k*~ is related to the power dissipated by the spin waves excited by the elastic effective field **h**. It can be readily computed as a function of the magnetization angle ϕ, whose details are given in the Supplementary Materials. The formula taking into account of exchange interaction, the uniaxial and cubic magnetic anisotropy, dipole-dipole interaction, and the Dzyaloshinskii-Moriya interaction (DMI) induced by the inversion symmetry breaking at the interface has been used to fit the data in [Fig. 3](#F3){ref-type="fig"}. The agreement is quantitative, suggesting that the magneto-rotation coupling is responsible for the giant NR.

So far, we focused on the nonreciprocal behavior of SAW attenuation *P*~±*k*~. In addition, we observed a nonreciprocal behavior in the resonance field $H_{\pm k}^{\text{res}}$ when the SAW wave number is reversed from *k* to −*k*. The DMI is the antisymmetric exchange coupling between neighboring magnetic spins, which gives a contribution to the local energy that is linear in spatial derivatives. Therefore, it leads to an asymmetry in spin-wave dispersion relation with respect to the sign of wave number ±*k*. Commonly, the strength of the DMI or DMI coefficient *D* is determined by measuring the difference in resonance frequencies between two spin waves propagating in opposite directions (opposite wave numbers, ±*k*), which is very often achieved by Brillouin light scattering spectroscopy (BLS) ([@R14]). However, as the magnetic layers become thinner, the magnetic response becomes weaker, which consequently challenges the precise measurement of the DMI coefficient.

With the a-FMR, we observe a clear difference under the resonance condition of the acoustic waves with the spin waves in the 1.6-nm-thick CoFeB layer (see [Fig. 4A](#F4){ref-type="fig"}). After obtaining the resonance field $H_{\pm k}^{\text{res}}(\phi)$ as a function of the angle ϕ for ±*k* through Lorentzian fits of line shapes ([Fig. 4A](#F4){ref-type="fig"}), we estimate *D* by fitting the angular dependence of the resonance field difference $\Delta H^{\text{res}}(\phi) \equiv H_{+ k}^{\text{res}}(\phi) - H_{- k}^{\text{res}}(\phi)$ by$$\Delta H^{\text{res}}(\phi) = \frac{8D\omega k\text{sin}\phi}{\mid \gamma \mid \mu_{0}^{2}M_{s}\sqrt{{(H_{v} - H_{z})}^{2} + 4{(\omega/\gamma\mu_{0})}^{2}}}$$where *H*~v~ − *H*~z~ depends only on the saturation magnetization, the anisotropy constants, *k*, and cos^2^ϕ (see the Supplementary Materials). As can be seen in [Fig. 4B](#F4){ref-type="fig"}, the observed Δ*H*^res^(ϕ) follows the sinϕ dependence expected for the DMI, yielding *D* = 0.089 ± 0.011 mJ/m^2^, in good agreement with previous reports ([@R15]) and our BLS characterization (see the Supplementary Materials). This suggests that the acoustic FMR may also serve as an efficient and accurate means of determining the DMI coefficient in magnetic thin films. In addition, for commercial BLS, the maximum wave number *k* that can be explored is limited by the wavelength of the laser, $k_{\text{max}}(\text{BLS}) = \frac{2\pi}{\lambda_{\text{laser}}/2} \approx 3 \cdot 10^{7}$ rad/m, where λ is in the visible range . In contrast, *k* of the SAW, which is determined by the pitch resolution of EBL, $k_{\text{max}}(\text{SAW}) = \frac{2\pi}{4\lambda_{\text{EBL}}}$, where λ~EBL~ ≈ 10 nm ([@R16]), is capable of reaching 10^8^ rad/m level. We note that the obtained value of *D* is too small to account for the NR in the SAW attenuation by the mechanism proposed in ([@R17]).

![Assessment of Dzyaloshinskii-Moriya interaction by nonreciprocal magnon-phonon interaction.\
(**A**) Resonance field difference Δ*H*~res~ between acoustomagnetic waves was induced by SAWs propagating in +*k* and −*k*. (**B**) Angle dependence of the resonance field difference between acoustomagnetic waves induced by SAWs with wave numbers +*k* and −*k* fitted according to [Eq. 2](#E2){ref-type="disp-formula"}.](abb1724-F4){#F4}

DISCUSSION
==========

In conclusion, we demonstrated strongly nonreciprocal acoustic attenuation in power ([Fig. 2B](#F2){ref-type="fig"}) and resonance field ([Fig. 4A](#F4){ref-type="fig"}) separately. These intriguing nonreciprocal features of the presented acoustic devices suggest an extraordinary versatility of acoustomagnetic applications. The marked angular dependence of the nonreciprocal ratio ([Fig. 3](#F3){ref-type="fig"}) indicates an efficient and adjustable acoustic rectifier, and the systematic change of NR in resonance field ([Fig. 4B](#F4){ref-type="fig"}) presents its capability as a new route for characterization of DMI. Besides, since the NR introduced here stems from the magnetic anisotropy, it can be further modulated by external electric field, as has been reported for the CoFeB/MgO interface ([@R18]). Considering the wide application of the general acoustic device in sensing, filtering, and information transportation, utilization of acoustic-magneto rectifier would not only provide highly accurate methods for sensing magnetic properties but also further advance the present acoustic technology and eventually push the development of acoustomagnetic logic devices as an attractive alternative to their magnonic counterparts ([@R19], [@R20]).
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Device fabrication
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[Figure 2A](#F2){ref-type="fig"} shows the schematics of SAWs propagation through a heterostructure, which consists of four layers, Ta(10 nm)/Co~20~Fe~60~B~20~(1.6 nm)/MgO(2 nm)/Al~2~O~3~(10 nm), grown by rf sputtering on a piezoelectric substrate, *Y*-cut LiNbO~3~.
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